This study looks at parallel evolution across different levels of complexity (from phenotype to gene to base pair) and compares patterns of parallelism between "evolved" and "coevolved" populations. I thought this was a really interesting and novel study contained in a generally well-written manuscript. However I have a few concerns and suggestions that I outline below. Main concerns: 1) My understanding is that the prediction that coevolution should accelerate molecular evolution is specific to adaptive mutations (and possibly the mutations that hitchhike with those adaptive mutations). In other words, variants would rise to high frequency in these populations and so be considered potentially adaptive by the authors' criteria. This prediction doesn't match with the results of the paper. Perhaps I am wrong in my understanding of the expectations -if this is the case, please set me straight. But if not, can the authors address this discrepancy?
2) It is not always clear in the paper when the authors are talking about parallel evolution at the gene level versus the base-pair level (e.g. on lines [187] [188] [189] [190] [191] [192] [193] [194] [195] [196] [197] [198] , and see my more specific comments below). Please be make sure to explicit about this. 3) As the authors discuss, population size is a potential driver of the different patterns of parallel evolution in the "evolved" versus "coevolved" populations. As such, they should provide those population sizes in the main text of the manuscript, and preferably in figure 1. Instead of a proportion of maximum size, plot actual population sizes -see more detailed comments below. I would like to know what the actual population sizes are and to gauge for myself how important I would expect the bottlenecks to be in terms of the potential for genetic drift.
Specific comments: Line 100: "We ran continues cultures…" should read "We ran continuous cultures…" Line 129: "… mostly out of general resistant host clones…" The word "out" should be removed here. Lines 166-168: "In order to identify potentially adaptive variant positions, we filtered for variants that increased in frequency by at least 50% in any evolved or coevolved population." I don't understand what is meant here. I don't think the author's had data from different time points, so couldn't really measure increases in frequencies. Does this just mean any variant that was 50% or more of the population at the final time point? Lines 187-189: "Differently, almost all the variants identified in the evolving populations (99 %) were also present in one or more other populations at high or low frequency and where thus shared across the different evolved or coevolved populations." If I understand correctly, the authors are saying that 99% of the "potential adaptive" mutations *at the level of base-pair changes* arose multiple times independently in the evolving populations. I find this very surprising! Perhaps I am misinterpreting things? Line 188: "… and where thus" should read "… and were thus…" Lines 206-209: It would be useful to divide all the variants into impact classes and look to see if the distribution of classes varied between the "potential adaptive" and non-"potential adaptive" variants differed. This would provide evidence as to whether or not the authors' approach for classifying "potential adaptive" variants was at all successful. Also, are the copy number variants (i.e the large duplications) included in this part of the analysis? If not, why not? Line 218: "… that was on high frequency…" should read "… that was at high frequency…" Lines 264-265: "We also found evidence for copy number increase in the evolved populations but only at very low frequency." Have the authors tested whether this evolved variant is also resistant to the viruses from the co-evolved communities? This might help to address the potential adaptive benefit of this duplication. Lines 265-266: "Since the duplication remained at low frequency, it is likely that the duplication was not adaptive in case of the evolved populations." I'm not very convinced by this argument. The duplication is clearly adaptive in the co-evolutionary environment, and the authors state is it is not involved in general resistance mechanisms. Perhaps it may be adaptive in a way that is unrelated to resistance, but it just hasn't had time to increase in frequency yet in this population. Lines 273-276: "Moreover, certain regions of genomes are more receptive to duplications so that they can occur often at the same locations. Therefore, our observations support the idea that duplications can occur readily within the same genomic region." Do those regions that are more receptive to duplications have any identifying characteristics that the authors could look for in their own data? Line 290: "…coevolved populations diverged greater …" should read "…coevolved populations diverged more …" Lines 293-295: "Most of the potentially adaptive variants in the evolved and coevolved populations were synonymous substitutions or were in intergenic or intron regions (Fig. 4) ." I am a little surprised by the sheer number of mutations that are apparently just hitchhiking on a presumably quite small number of beneficial mutations. Is it possible that these synonymous mutations are actually important for fitness? Line 322: "… the pattern of less shared variants…" should read "… the pattern of fewer shared variants…" Lines 396-397: I think this should read "If the virus treatment value was equal to or greater than the control, these algae were considered resistant to this particular virus population." Fig. 1 From the caption: "Dynamics of algal (evolved, a) and algal-virus populations (coevolved, b)" The "a" and "b" are switched here. Why only show a single rep for one treatment and 3 reps for the other treatment? I would suggest that the same number of reps should be shown for each. Also, I think having the actual abundance on the y axes, would be much more informative. I'd like to see how similar the populations sizes between different replicates and treatments. The authors could have two y axis, one of the left and on the right, indicating the algae and the virus abundance respectively, allowing both abundances to fit nicely on the same graph. Fig.4 -The purple and green boxes are unnecessary and distracting. Overview --This manuscript explores aspects of parallel evolution using populations of Chlorella in replicate chemostats. In one treatment, Chlorella is grown alone. In another treatment, Chlorella is grown with an infectious virus population. Using population genetic and ecoevolutionary frameworks, the authors test for evidence of parallel evolution at demographic, phenotypic, and genotypic scales. Using wavelet analysis, the authors report that host densities respond similarly and synchronously in response to virus infection, which is used as evidence in support of demographic parallelism. The authors also characterize patterns of infectivity by challenging hosts against viruses from different chemostats across different time points. Findings from this approach support the view that there is parallel evolution at the phenotypic level. Evidence for parallel evolution at the genetic level was less clear, but the authors found an increase in copy number for a shared 77 kb region in the coevolved treatment. In contrast, the study did not find evidence for parallel evolution when looking at the frequency of variants across chemostats within a treatment.
Major comments --While virus-induced bottlenecks could lead to the accumulation of mildly deleterious mutationsm, it would be worthwhile to look at how the divergent mutations in coevolved lines are distributed across the genome. If these mutations accumulate due to relaxed selection, then one would expect that they would be Poisson distributed across the genome. However, if these mutations are beneficial then they should be clustered within a few genes. To strengthen the argument that these divergent mutations are due to relaxed selection, it would be worthwhile to examine where these mutations are and how many of them are in the same region. This could be done using something similar to the G-score metric (see Tenaillon et al. 2016 ).
--The authors spend a large portion of the introduction talking about the hierarchy of parallel evolution and analyzed parallel evolution at the polymorphism, demographic, and infectivity levels (lines 43-38). However, they did not analyze parallel evolution at the gene level. More attention to this would strengthen the overall conclusions while serving as a bridge between the phenotype and genotype levels of parallel evolution. In the absence of such an analysis, there is a gap between the genotype and phenotypic components of the manuscript. For example, it is surprising that there is almost no discussion regarding the identity of "potentially adaptive" genes that confer virus resistance to the Chlorella. Figure 5 lists genes (e.g., 136424) that reaches a relatively high combined frequency in coevolved chemostats but is absent in evolved chemostats. Presumably these genes are annotated so that some discussion of potential function, which could be used to generate hypotheses to be tested in future studies. Moreover, a large portion of the manuscript (e. --An average coverage of 8 is extremely low (line 168) and is a potentially serious issue. How might this affect the conclusions that are drawn? The GATK pipeline is tested and validated for 30X data and extremely low coverage could increase the number of false positives. There are some options that could be run in GATK to help with this. The authors did not state what options they used for the HaplotypeCaller. Setting --minDanglingBranchLength and --minPruning to 1.0 could help with the low coverage issues. Were there any extra steps taken or specifications set in HaplotypeCaller for calling SNPs in low-coverage isolates?
--How are results and interpretation affected by 50% frequency when defining adaptive variants? What was the justification? Has a sensitivity analysis been conducted? --The manuscript would benefit from a bit more polish in places. The Results section in particular was challenging to follow. The authors may want to consider how much weight should be given to each section based on testing of the predictions. It seems that some predictions could be addressed very succinctly. For example, even though wavelet test is rigorous, the population synchrony is almost assessable by eye. In contrast, the section on divergent evolution of host genotypes was long and less succinctly. And yet there were still many aspects of this data that did not seem adequately explored (see comments above). Also, good number of typos, which together with above, gave general impression that the manuscript could be a bit tighter in terms of data analysis and storyline.
--"Generally resistant" is awkward and its use was confusing in many parts of the manuscript. Also, while I ultimately understood what was meant by "evolved" and "coevolved", perhaps this should be more clearly described with regard to treatments early in the manuscript.
Minor concerns:
Line 26: "demographic changes" initially unclear to me; simply means changes in abundance. Was wondering if there was going to be a more in-depth investigation into demographic processes Line 29: "Can only be". wording always throws up red flags Line 32: Should "where" be "when"?
Line 34: Mention of "convergent" evolution a red herring given aims?
Line 43: Selection acts to increase average fitness in a population, not sure that qualifies as parallel evolution.
Lines 51-54: The mutations are already random. A better way to phrase this would be "increasing the probability for fixation of mildly deleterious and effectively neutral mutations"
Lines 54-57: These two sentences could be integrated better. "Hitchhiking" is used before defining it.
Line 85: "We now compare here" is awkward phrasing. Also, wording in lines 89-91 very awkward.
Line 94: At this point reference to "variants" is unclear: hosts or viruses? Also line 116.
Line 107: Actually, not that remarkable. This study looks at parallel evolution across different levels of complexity (from phenotype to gene to base pair) and compares patterns of parallelism between "evolved" and "coevolved" populations. I thought this was a really interesting and novel study contained in a generally well-written manuscript. However I have a few concerns and suggestions that I outline below.
We are pleased to hear that you evaluate our study interesting, novel, and well written.
Main concerns: 1) My understanding is that the prediction that coevolution should accelerate molecular evolution is specific to adaptive mutations (and possibly the mutations that hitchhike with those adaptive mutations). In other words, variants would rise to high frequency in these populations sand so be considered potentially adaptive by the authors' criteria. This prediction doesn't match with the results of the paper. Perhaps I am wrong in my understanding of the expectations -if this is the case, please set me straight. But if not, can the authors address this discrepancy?
We fully agree about this predication and acknowledge that previously the presentation of our results has not been very clear in addressing the resulting discrepancies. For a start, we have changed the term 'potentially adaptive' to 'high frequency variants' in order not to confuse the reader. Further, we now clarify our prediction in line 93. We predict that under the assumption that molecular evolution is increased in the coevolving populations, we should find a higher number of variants that change amino acid sequence in hosts from coevolving populations compared to hosts from evolved populations. In the revised manuscript we now discuss this specifically by firstly considering all derived variants and afterwards only high frequency variants (see also paragraph in discussion at line 314). Furthermore, we do this for all variants and only for variants that change the amino-acid sequence (line 317-318). We now discuss that we find significantly more derived variants and proportionally more derived variants with a highimpact in the coevolved populations, which is in agreement with previous studies showing that coevolution accelerates molecular evolution (line 318-319). We then discuss that when only looking at high frequency variants (line 319-325), we observed a different pattern. We do not find significantly more high frequency variants, and we do find a greater proportion of high impact variants in the evolved populations. We follow this up by discussing how this observation can be explained (line 325-359).
2) It is not always clear in the paper when the authors are talking about parallel evolution at the gene level versus the base-pair level (e.g. on lines 187-198, and see my more specific comments below). Please be make sure to explicit about this.
We appreciate you pointing this out to us and have made this point more explicit in the revised manuscript. Specifically, we have explicitly stated whether we are talking about gene level or variant level (=base-pair level; referred to in line 163).
3) As the authors discuss, population size is a potential driver of the different patterns of parallel evolution in the "evolved" versus "coevolved" populations. As such, they should provide those population sizes in the main text of the manuscript, and preferably in figure 1. Instead of a proportion of maximum size, plot actual population sizes -see more detailed comments below. I would like to know what the actual population sizes are and to gauge for myself how important I would expect the bottlenecks to be in terms of the potential for genetic drift.
Thanks for pointing this out. We have changed Figure 1 accordingly and now provide information on the population sizes for the host and the virus.
Specific comments: Line 100: "We ran continues cultures…" should read "We ran continuous cultures…" Changes accordingly.
Line 129: "… mostly out of general resistant host clones…" The word "out" should be removed here.
Changes accordingly.
Lines 166-168: "In order to identify potentially adaptive variant positions, we filtered for variants that increased in frequency by at least 50% in any evolved or coevolved population." I don't understand what is meant here. I don't think the author's had data from different time points, so couldn't really measure increases in frequencies. Does this just mean any variant that was 50% or more of the population at the final time point? We are sorry to hear that this did not come across clearly. As Line 188: "… and where thus" should read "… and were thus…" Changes accordingly.
Lines 206-209: It would be useful to divide all the variants into impact classes and look to see if the distribution of classes varied between the "potential adaptive" and non-"potential adaptive" variants differed. This would provide evidence as to whether or not the authors' approach for classifying "potential adaptive" variants was at all successful. Also, are the copy number variants (i. Line 218: "… that was on high frequency…" should read "… that was at high frequency…" Changes accordingly.
Lines 264-265: "We also found evidence for copy number increase in the evolved populations but only at very low frequency." Have the authors tested whether this evolved variant is also resistant to the viruses from the co-evolved communities? This might help to address the potential adaptive benefit of this duplication. We previously showed (Frickel et Line 290: "…coevolved populations diverged greater …" should read "…coevolved populations diverged more …" Changes accordingly.
Lines 293-295: "Most of the potentially adaptive variants in the evolved and coevolved populations were synonymous substitutions or were in intergenic or intron regions (Fig. 4) ." I am a little surprised by the sheer number of mutations that are apparently just hitchhiking on a presumably quite small number of beneficial mutations. Is it possible that these synonymous mutations are actually important for fitness?
Of course, synonymous mutations and especially variants in intergenic regions and introns might as well have phenotypic effects and could be fitness relevant. However, it is currently not possible to obtain knowledge for which and which proportion this might be the case. However, we agree with your evaluation and rephrased our manuscript (see line 324) to acknowledge this possibility: "Several recent studies show, however, that synonymous mutations can actually be important for fitness too and might therefore also substantially contribute to evolution (Bailey Nat.Comm. 2014, Agashe Mol.Biol.Evol. 2016, Lawrie PLOSgenet. 2013)."
Line 322: "… the pattern of less shared variants…" should read "… the pattern of fewer shared variants…" Changes accordingly.
Lines 396-397: I think this should read "If the virus treatment value was equal to or greater than the control, these algae were considered resistant to this particular virus population." Changes accordingly. Why only show a single rep for one treatment and 3 reps for the other treatment? I would suggest that the same number of reps should be shown for each.
We only followed population dynamics of one replicate in detail as previous experiments (Frickel et al. 2016 Ecology Letters) and in agreement with theory, showed that the algae alone grows at stable densities around the carrying capacity. We state this now in the methods section (lines 386)
Also, I think having the actual abundance on the y axes, would be much more informative. I'd like to see how similar the populations sizes between different replicates and treatments. The authors could have two y axis, one of the left and on the right, indicating the algae and the virus abundance respectively, allowing both abundances to fit nicely on the same graph. 
We have changed Figure 1 accordingly, so in the revised version population sizes are shown as algal cells/ml (left y-axis) and virus particles/ml (right y-axis).

Reviewer #2 (Remarks to the Author):
Overview --This manuscript explores aspects of parallel evolution using populations of Chlorella in replicate chemostats. In one treatment, Chlorella is grown alone. In another treatment, Chlorella is grown with an infectious virus population. Using population genetic and eco-evolutionary frameworks, the authors test for evidence of parallel evolution at demographic, phenotypic, and genotypic scales. Using wavelet analysis, the authors report that host densities respond similarly and synchronously in response to virus infection, which is used as evidence in support of demographic parallelism. The authors also characterize patterns of infectivity by challenging hosts against viruses from different chemostats across different time points. Findings from this approach support the view that there is parallel evolution at the phenotypic level. Evidence for parallel evolution at the genetic level was less clear, but the authors found an increase in copy number for a shared 77 kb region in the coevolved treatment. In contrast, the study did not find evidence for parallel evolution when looking at the frequency of variants across chemostats within a treatment.
Major comments --While virus-induced bottlenecks could lead to the accumulation of mildly deleterious mutations, it would be worthwhile to look at how the divergent mutations in coevolved lines are distributed across the genome. If these mutations accumulate due to relaxed selection, then one would expect that they would be Poisson distributed across the genome. However, if these mutations are beneficial then they should be clustered within a few genes. To strengthen the argument that these divergent mutations are due to relaxed selection, it would be worthwhile to examine where these mutations are and how many of them are in the same region. This could be done using something similar to the G-score metric (see Tenaillon et al. 2016 ).
We agree with the reviewer that this is an interesting aspect. We have now investigated and presented this aspect in more detail for the 'high frequency variants' (note that we changed our wording from 'potentially adaptive' to 'high frequency variants' in response to the reviewers comments). Figure 5 now shows that there are 2 genes that acquired more than 1 variant at relatively high frequency. One gene acquired two variants in one coevolved population, and one gene acquired more than one variant in all the evolved populations. However due to the relatively low number of non-synonymous mutations and the low number of multiple-hit genes (genes acquiring multiple throughout the experiment), we argue that a more in depth analyses of these genes and variants would not provide more insights regarding our main goal to investigate patterns of parallelism.
--The authors spend a large portion of the introduction talking about the hierarchy of parallel evolution and analyzed parallel evolution at the polymorphism, demographic, and infectivity levels (lines 43-38). However, they did not analyze parallel evolution at the gene level. More attention to this would strengthen the overall conclusions while serving as a bridge between the phenotype and genotype levels of parallel evolution. In the absence of such an analysis, there is a gap between the genotype and phenotypic components of the manuscript. For example, it is surprising that there is almost no discussion regarding the identity of "potentially adaptive" genes that confer virus resistance to the Chlorella. Figure 5 lists genes (e.g., 136424) that reaches a relatively high combined frequency in coevolved chemostats but is absent in evolved chemostats. Presumably these genes are annotated so that some discussion of potential function, which could be used to generate hypotheses to be tested in future studies. Moreover, a large portion of the manuscript (e.g., --An average coverage of 8 is extremely low (line 168) and is a potentially serious issue. How might this affect the conclusions that are drawn? The GATK pipeline is tested and validated for 30X data and extremely low coverage could increase the number of false positives. There are some options that could be run in GATK to help with this. Fig. 3 ). We think these comparisons provide a good insight for the reader regarding the sensitivity of the seemingly arbitrarily chosen cutoff. Moreover, we have also evaluated the effect using other cut-offs (sensitivity analysis, 30% -50 % -70%) and included a figure summarizing the results in this response letter. --The manuscript would benefit from a bit more polish in places. The Results section in particular was challenging to follow. The authors may want to consider how much weight should be given to each section based on testing of the predictions. It seems that some predictions could be addressed very succinctly. For example, even though wavelet test is rigorous, the population synchrony is almost assessable by eye. In contrast, the section on divergent evolution of host genotypes was long and less succinctly. And yet there were still many aspects of this data that did not seem adequately explored (see comments above). Also, good number of typos, which together with above, gave general impression that the manuscript could be a bit tighter in terms of data analysis and storyline. --"Generally resistant" is awkward and its use was confusing in many parts of the manuscript. Also, while I ultimately understood what was meant by "evolved" and "coevolved", perhaps this should be more clearly described with regard to treatments early in the manuscript.
We used the term "general resistant" in previous publications (Frickel et Line 32: Should "where" be "when"? Changed accordingly.
Line 34: Mention of "convergent" evolution a red herring given aims? We removed our reference to convergent evolution.
Line 43: Selection acts to increase average fitness in a population, not sure that qualifies as parallel evolution. We think this qualifies as parallel evolution as a phenotypically similar general resistant clones evolved in all three replicates.
Lines 51-54: The mutations are already random. A better way to phrase this would be "increasing the probability for fixation of mildly deleterious and effectively neutral mutations" Thanks for the suggestion, we rephrased accordingly.
We revised this section and now define hitchhiking first and attempted an improved integration of the two sentences. It now reads "…as well as genetic hitchhiking of non-adaptive mutations, where mutations rise to high frequencies in the genetic background of beneficial variants that are selected .,." (lines 55-59).
Line 85: "We now compare here" is awkward phrasing. Also, wording in lines 89-91 very awkward. We rephrased and it now reads "In the present study, we compare the degrees of parallelism …".
We say now: "…a higher number of variants that change amino acid sequences in the hosts from coevolved populations compared to hosts from populations evolving without the virus" (lines 93-96).
Line 107: Actually, not that remarkable. We deleted remarkable. Line 141: Perhaps some more clarification on metric of parallelism while keeping in mind that "local adaptation" soft of conjures up other ideas. Actually measuring lack of local adaptation. We explain this now by saying: "We found high levels of parallelism between the replicate populations with an average of 87% over all time points (Fig. 2b) I am happy with the changes that the authors have made in response to the previous reviews. I have only very minor wording/typo changes to suggest.
Lines 87-88: "… parallelism on different levels of organization…" Should read "… parallelism at different levels of organization…" Line 253: "… duplicated region on a different scaffold that was on high frequency… " should read "… duplicated region on a different scaffold that was at high frequency… " Line 279: "Most of the sequenced hosts from the end of the experiments were generally resistant." I suggest making this more clear by specifying "coevolved hosts". Line 328: "(regardless their impact class)" should read "(regardless of their impact class)"
Reviewer #2 (Remarks to the Author):
By and large, the authors have addressed major concerns that were raised in the initial evaluation.
Some other issues that remain or now emerge include:
-The six out of 10 cutoff sounds a bit hand-wavy. However, it's only one of two criteria used for identifying variants.
- Figure 7 is fairly uninformative. It would be better to show the data in fig. 7 as a table and run some statistics to determine whether the proportion of mutations in a particular annotated region differ between evolved and co-evolved populations.
Minor issues: line 29-31: grammar in second clause is awkward line 32: revised ms reduced reference to demography, which is sort of vague, in favor of population size, which has more direct connection to evolutionary predictions; here is an example of where it is retained in a way that may be confusing; perhaps a legacy. line 36: "Throughout evolutionary history" = weird; consider deleting line 52: here and elsewhere "population genetics parameters"; consider changing to "population genetic parameters" line 90-99: I appreciate concrete predictions, but it's not clear to me that reasonable alternatives are considered or are appropriate, making me wondering whether the strengthens the paper or not.
Reviewers' comments in black, our response in blue and italic.
REVIEWERS' COMMENTS:
Reviewer #1 (Remarks to the Author):
I am happy with the changes that the authors have made in response to the previous reviews. I have only very minor wording/typo changes to suggest. We are pleased to hear that you agree with the changes we made after the review and are thankful for your helpful feedback.
Lines 87-88: &#x201C;&#x2026; parallelism on different levels of organization&#x2026;&#x201D; Should read &#x201C;&#x2026; parallelism at different levels of organization&#x2026;&#x201D; We changed this sentence accordingly and also at line 272: "We investigated parallelism at different levels of biological organization between …". Line 253: &#x201C;&#x2026; duplicated region on a different scaffold that was on high frequency&#x2026; &#x201D; should read &#x201C;&#x2026; duplicated region on a different scaffold that was at high frequency&#x2026; &#x201D; We changed this sentence accordingly.
Line 279: &#x201C; Most of the sequenced hosts from the end of the experiments were generally resistant.&#x201D; I suggest making this more clear by specifying &#x201C;coevolved hosts&#x201D;. We changed this sentence; Most of the coevolved hosts from the end of the experiments were generally resistant.
Line 328: &#x201C;(regardless their impact class)&#x201D; should read &#x201C;(regardless of their impact class)&#x201D; We changed this sentence accordingly.
Reviewer #2 (Remarks to the Author):
By and large, the authors have addressed major concerns that were raised in the initial evaluation. We are pleased to hear that you agree with our changes and are thankful for your helpful feedback.
Some other issues that remain or now emerge include: The six out of 10 cutoff sounds a bit hand-wavy. However, it's only one of two criteria used for identifying variants. We have addressed this concern in the previous evaluation: "We consider it necessary to make sure that at least six clones could be genotyped before calculating frequencies. We think this is an adequate decision for estimating frequencies. Estimating line 32: revised ms reduced reference to demography, which is sort of vague, in favor of population size, which has more direct connection to evolutionary predictions; here is an example of where it is retained in a way that may be confusing; perhaps a legacy. We changed this line to: These patterns of genome evolution can be explained by considering population size changes as an important driver of rapid evolution.
line 36: "Throughout evolutionary history" = weird; consider deleting We deleted this part of the sentence.
line 52: here and elsewhere "population genetics parameters"; consider changing to "population genetic parameters" We changed this in line 54, line 66 and line 374. line 90-99: I appreciate concrete predictions, but it's not clear to me that reasonable alternatives are considered or are appropriate, making me wondering whether the strengthens the paper or not. We removed all predictions from the manuscript.
